Trait Self-Control Outperforms Trait Fatigue in Predicting MS Patients’ Cortical and Perceptual Responses to an Exhaustive Task by Wolff, Wanja et al.
Research Article
Trait Self-Control Outperforms Trait Fatigue in Predicting MS
Patients’ Cortical and Perceptual Responses to an Exhaustive Task
Wanja Wolff ,1,2 Julia Schüler,1 Jonas Hofstetter,1 Lorena Baumann,1 Lena Wolf,1
and Christian Dettmers 3
1University of Konstanz, Germany
2University of Bern, Switzerland
3Kliniken Schmieder, Konstanz, Germany
Correspondence should be addressed to Wanja Wolﬀ; wanja.wolﬀ@uni-konstanz.de
Received 6 December 2018; Revised 21 February 2019; Accepted 4 March 2019; Published 24 April 2019
Academic Editor: Emiliano Ricciardi
Copyright © 2019 Wanja Wolﬀ et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Patients with multiple sclerosis (PwMS) frequently suﬀer from fatigue, but this debilitating symptom is not yet fully understood.
We propose that self-control can be conceptually and mechanistically linked to the fatigue concept and might help explain some
of the diversity on how PwMS who suﬀer from fatigue deal with this symptom. To test this claim, we ﬁrst assessed how cortical
oxygenation and measures of motor and cognitive state fatigue change during a strenuous physical task, and then we tested the
predictive validity of trait fatigue and trait self-control in explaining the observed changes. A sample of N = 51 PwMS ﬁrst
completed a test battery to collect trait measures of fatigue and self-control. PwMS then performed an isometric hand
contraction task at 10% of their maximum voluntary contraction until exhaustion while we repeatedly assessed ratings of
perceived cognitive and motor exertion. In addition, we continuously measured oxygenation of the prefrontal cortex (PFC)
using functional near-infrared spectroscopy. Linear mixed-eﬀect models revealed signiﬁcant increases in perceived motor and
cognitive exertion, as well as increases in PFC oxygenation. Hierarchical stepwise regression analyses showed that higher trait
self-control predicted a less steep increase in PFC oxygenation and perceived cognitive exertion, while trait fatigue did not
predict change in any dependent variable. These results provide preliminary evidence for the suggested link between self-control
and fatigue. As self-control can be enhanced with training, this ﬁnding possibly has important implications for devising
nonpharmacological interventions to help patients deal with symptoms of fatigue.
1. Introduction
Most patients with multiple sclerosis (PwMS) suﬀer from
fatigue [1], and 40% of PwMS rate fatigue as their most debil-
itating symptom [2]. Notwithstanding its importance for
PwMS, fatigue is still not fully understood [3]. This is at least
in part due to the many diﬀerent facets of the symptom itself.
For example, fatigue can be conceptualized as a trait or a state
[4]. This implies that patients who suﬀer from trait fatigue
tend to experience more severe state fatigue in fatigue-
inducing situations [5]. Further, fatigue can manifest itself
in the cognitive and/or the motor domain [6]. Thus, a PwMS
might experience fatigue during physical tasks (motor
fatigue) but not during tasks that are mentally taxing (cogni-
tive fatigue) or vice versa. Performance fatigability (i.e.,
decreases in cognitive or motor performance) has been sug-
gested as an objective measure of fatigue [7, 8]. However, a
PwMS might show no decrements in overt performance but
suﬀer from substantial perceptions of fatigue (e.g., [9]). In
fact, performance fatigability and perception of fatigue are
often only weakly correlated [1], implying that behavioral
performance is probably not an ideal measure for fatigue
and vice versa [10].
One possible explanation for this disconnect is that
PwMS have to recruit more cortical resources to compensate
for disease-induced structural (e.g., atrophy) and functional
(e.g., connectivity) changes in the brain [4, 11, 12]. Particu-
larly, structures in the corticostriatal network have been
implicated in fatigue [13]. For example, increased activity in
the nonmotor functions of the basal ganglia has been linked
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to trait fatigue [4] and higher activations of prefrontal cortex
(PFC) areas have been interpreted as a marker of fatigue in
PwMS [9]. It has been suggested that perception of fatigue
might be “due to an imbalance in perception of energetic
costs of an action (eﬀort) and beneﬁts of the resulting out-
come (reward)” ([11], p. 850). Research on fatigue during
and after physical exercise tends to corroborate this. Ratings
of perceived exertion (RPE) increase at a higher rate in PwMS
compared to a healthy control group during a handgrip task
[14], and performance fatigability tends to be higher in MS
patients [15, 16]. Importantly, this is not the result of more
peripheral fatigue, as measured by twitches evoked using
electrical tetanic stimulation: after a fatiguing task, PwMS
in fact displayed less peripheral fatigue but more central
fatigue [16]. In line with the above, these ﬁndings are
explained by a “reduced capacity to compensate for disease-
induced damage” ([16], p. 125) and the proposed involve-
ment of higher activity in “areas involved in cost-beneﬁt
trade-oﬀs” ([17], p. 801).
Importantly, not only are areas in the PFC implicated in
determining action costs (i.e., being a marker for fatigue) but
the PFC is also the key structure for exerting voluntary con-
trol (i.e., continuing with a course of action, even though per-
ceived costs are high; [18]). This act of controlling an
impulse, in order to reach a valued outcome has been termed
self-control [19, 20], and a multitude of studies has shown
that both high trait self-control and high state self-control
are conducive to various positive outcomes (e.g., [21]). For
example, in order to reach the long-term goal of improved
physical ﬁtness, a PwMS must suppress the urge to terminate
a strenuous physical task (i.e., continue although she experi-
ences substantial fatigue).
We propose that self-control and fatigue are closely con-
nected on a conceptual level: the application of self-control is
aversive [22] and people try to avoid it [23]. Thus, self-
control requires mental eﬀort and exertion of eﬀort leads to
sensations of fatigue [24]. From this perspective, fatigue
might be understood as a sensation that directly signals the
costs of the invested mental eﬀort that was needed to perform
an act of self-control. The decision to exert mental eﬀort in
the service of self-control hinges on an evaluation of the
expected value of control (EVC; [25]). Thus, people aim at
maximizing returns obtained from exerting control, and
when the expected value of control is too low, no (further)
control will be applied. If PwMS have to exert more eﬀort
for obtaining a certain reward [4], contemporary self-
control theories (e.g., [25–28]) would predict that this should
skew the EVC in a way that control incurs higher costs per
unit of time (e.g., higher perceived fatigue) or that exertion
of control is simply not worthwhile (e.g., increased perfor-
mance fatigability).
Importantly, these similarities between fatigue and self-
control do not stop at the conceptual level outlined above.
The neuronal networks that have been implicated in fatigue
also play a role in self-control [25, 29, 30]. Diﬀerent parts
of the PFC are diﬀerentially involved in the application and
evaluation of control. Examples are the control of impulses
[29, 31], the valuation of prospective eﬀort exertion [32],
and the evaluation of a given course of action in competition
with an alternative course of action [33]. One example attesting
to the importance of these control relevant areas in regard to
fatigue is the higher fatigue levels experienced by patients with
lesions in the ventromedial PFC compared to patients with
other lesions or the fatigue levels of healthy controls [34]. A
large body of research has found increases in PFC activation
during self-control-demanding tasks (e.g., [24, 35]). As such
tasks frequently tend to be fatiguing, it is diﬃcult to assess
whether PFC activation reﬂects fatigue, the exertion of self-con-
trol, or possibly both. Evidence for a self-control interpretation
comes from a recent study that showed that a psychological
strategy that reduced task-imposed self-control demands led
to a less pronounced increase in PFC activation during a stren-
uous task, while not aﬀecting ratings of perceived exertion [35].
2. The Present Study
The goal of the present study was to monitor changes in per-
ceived cognitive and motor exertion and changes in PFC oxy-
genation that occur while PwMS performed a strenuous
physical task and to assess whether such changes can be pre-
dicted by measures of trait fatigue and/or trait self-control.
We chose a strenuous physical task because such tasks can
induce both motor and cognitive fatigue (e.g., [36]) and
require self-control (e.g., [37]). As we were interested in
changes that occur during strenuous physical activity, we
used functional near-infrared spectroscopy (fNIRS) to mon-
itor changes in PFC oxygenation. fNIRS has suﬃcient tempo-
ral resolution and is relatively robust towards motion
artifacts and has therefore been recommended and employed
for such tasks [35, 38, 39].
As a ﬁrst research question, we were interested in changes
in fatigue-relevant measures that occur during a strenuous
physical task. We expected to observe an increase in motor
exertion, cognitive exertion, and PFC oxygenation as the task
got more fatiguing. Second, there is a gap in the literature as
to whether possible changes in these measures reﬂect increas-
ing fatigue and/or increasing self-control exertion. To
address this gap, we tested which trait measure is more suc-
cessful in accounting for the rate of change that would be
observed in perceived motor exertion, perceived cognitive
exertion, and PFC activation.
3. Methods
3.1. Participants. Fifty-one patients (78.4% = female) who
were admitted for rehabilitation of MS at Kliniken Schmieder
(Germany) took part in the study (age: M = 50.12 ± 8.14
years). Most patients were diagnosed with relapsing remit-
ting MS (52.9%), followed by secondary-progressive MS
(35.3%) and primary-progressive MS (11.8%). The average
time since their MS diagnosis was 17.94 (±8.40) years. The
average BDI score was 8.26 (±6.10) indicating clinically unre-
markable to mild depression symptoms in the overall sample.
The average Extended Disability Status Scale (EDSS) score
was 4.6 (±1.48). The EDSS is a scale representing disability
due to MS. Zero means no symptoms at all, and ten means
death due to MS. The range between 3 and 6 covers moderate
disability. Twelve PwMS relied on either a wheelchair (n = 3;
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EDSS ≥ 7) or a mobility aid (n = 9; EDSS ≥ 6 and <7) due to
impaired lower limb functionality. As PwMS were asked to
perform a strenuous handgrip task, only PwMS with suﬃ-
cient upper limb functionality were eligible for participation.
All recruited PwMS participated in tailored physical activity
programs as part of their rehabilitation treatment at Kliniken
Schmieder, Konstanz, as regular exercise training has been
associated with moderate reductions in fatigue among PwMS
[40]. Study participation was voluntary and without compen-
sation. The procedure was approved by the Ethics Commit-
tee at the University of Konstanz (approval #23/2017).
3.2. Measures and Apparatus
3.2.1. The Strenuous Physical Task. The strenuous physical
task was set up as a time-to-failure (TTF) task, in order to
ensure that each PwMS was fully exerted upon task comple-
tion. For this, we used a static hand dynamometer that allows
the measurement of hand grip force (HD-BTA; Vernier Soft-
ware & Technology, Beaverton, OR, USA). In this isometric
contraction task (ICT), PwMS were asked to maintain a tar-
get grip force for as long as possible. To make task demands
comparable between PwMS of diﬀerent strength, the grip
force to be produced represented 10% of ones’maximum vol-
untary contraction (MVC). To get a valid estimate of MVC,
PwMS were asked to produce their maximum grip force
three times, separated by breaks of 20 seconds. During the
MVC assessment, they were verbally encouraged by the
experimenter according to a standardized study protocol.
The highest produced force reading was then used as a
measure of MVC. MVC measurement and the ICT were
performed with the dominant hand, adhering to a stan-
dardized grip position. During the ICT, the target grip
force was displayed as a horizontal line on a computer
screen and the produced force was continuously displayed
on the same screen. The task was terminated when PwMS
failed to stay above the target line for too long (3 seconds)
or if they terminated the task voluntarily.
3.2.2. Assessment of Cerebral Oxygenation. An 8-emitter + 7-
detector multichannel continuous-wave fNIRS imaging sys-
tem (NIRSport, NIRx Medical Technologies LLC, NY,
USA) was used to monitor changes in cerebral oxygenation
during the strenuous physical task. NIR light was emitted
in two wavelengths (760 nm and 850 nm) at a sampling rate
of 7.81 Hz to capture ﬂuctuations in oxygenation. Optodes
were ﬁxated in a custom-made stretchy fabric NIRS head-
band (EASYCAP GmbH, Herrsching, Germany) and posi-
tioned onto the forehead site corresponding to the PFC
(respective Brodmann area: BA 10). The headband’s plug-
in mounts enabled measurement of 22 channels with an
interoptode distance of approximately 30 mm per emitter-
detector combination. Exact relative positions of optodes
were measured and reconstructed using the SD-GUI in
AtlasViewer v2.3 [41] as shown in Figure 1(a). AtlasViewer
was used to register the montage to a standard brain atlas
(Colin27) and to obtain optode positions according to the
international 5-10 system for optode placement [42]. Regis-
tered 5-10 optode positions are speciﬁed under Figure 1(b).
Probe positioning was standardized by maintaining a 40
mm distance between emitter 7 (E7) and the nasion (Nz)
along the dorsoventral axis. The headband was also aligned
with the lateral head axis and then attached to the scalp. A
calculated sensitivity proﬁle (AtlasViewer v2.3) indicates that
the chosen optode placements capture the PFC areas of inter-
est reasonably well (Figure 1(b)).
3.2.3. Ratings of Perceived Exertion (RPE).While performing
the endurance task, an experimenter prompted patients in
30-second intervals to rate their perceived cognitive exer-
tion (RPEcognitive) and motor exertion (RPEmotor) using
the category ratio 10 (CR10) scale by Borg [43]. The
CR10 scale is “a general intensity scale that can be used
to estimate most kinds of perceptual intensities” ([43], p.
15). It can be used in various settings and for diﬀerent
purposes (i.e., studies in medicine and sports). The two
scales ranged from 0 (“nothing at all”) to 10 (“maximal”)
or 11 (“even more than max”) and were printed on a
sheet of paper and were attached to the right corner next
to the screen displaying the patient’s produced force and
target grip force in real-time.
3.2.4. Self-Report Trait Measures. Trait fatigue and self-
control were collected with self-report measures. To control
for depression, PwMS also completed Beck’s Depression
Inventory (BDI; [44]), which was used as a control variable
in the statistical analyses.
The Fatigue Scale for Motor and Cognitive Functions
(FSMC) [6] comprises two subscales which separately
assess MS-related cognitive (10 items) and motor (10
items) fatigue. By not relating the phrasing of items to a
certain time frame, the FSMC intends to capture stable
or trait-like fatigue constructs. Both the cognitive fatigue
subscale (Cronbach’s α = 94, e.g., “When I am experienc-
ing episodes of exhaustion, I lose concentration consider-
ably quicker than I used to”) and the motor fatigue
subscale (Cronbach’s α = 81, e.g., “When I am experienc-
ing episodes of exhaustion, my movements become notice-
ably clumsier and less coordinated”) are answered on
Likert scales (1: does not apply at all; 5: applies
completely). Higher values on the FSMC scales indicate
higher levels of fatigue.
The SCS-K-D [45] is a German adaptation and short
form of the Self-Control Scale (SCS; [21]) and aims at asses-
sing dispositional self-control. The SCS-K-D consists of 13
items (Cronbach’s α = 79, e.g., “I am good at resisting temp-
tation”) and is answered on Likert scales (1: does not apply at
all, 5: applies completely). All items except for items 1, 9, 12,
and 13 are inverted before calculating the ﬁnal score. The
lowest and highest possible ﬁnal scores of 13 and 65 respec-
tively correspond to extreme low levels and extreme high
levels of dispositional self-control. High levels on the SCS-
K-D reﬂect higher trait self-control.
3.3. Procedure. Prior to their scheduled testing session, PwMS
who volunteered to participate ﬁlled out an informed consent
form and completed the self-report measures. Each testing
session was carried out by two researchers who started the
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Figure 1: (a) Source-Detector Grid (SD-Grid) as constructed in the SD GUI (AtlasViewer): X- and Y-axes deﬁne a planar space in mm.
Yellow lines are channels connecting emitters (in red; E1-E8) with detectors (in blue, D1-D7). Continuous green lines (ﬁxed springs) and
channel lines set nonalterable spacing within the probe geometry. Dashed green lines (ﬂexible springs) set alterable spacing within the
probe geometry. Springs connect either emitters with detectors or optodes with dummy optodes. Dummy optodes (in black, 16-21) were
used to ﬁx the montage to “anchor points” within the 10-5 system for optode placement as speciﬁed: 16 at Nz, 17 at AFz, 18 at F7, 19 at
F8, 20 at F4, and 21 at F3. Congruence of single emitter (E) and detector (D) positions with the international 10-5 system was maintained
for E1 at FFC4, E2 at Fz, E3 at FFC3, E4 at AF4h, E5 at AF3h, E6 at AF8h, E7 at Fpz, E8 at AF7h, D1 at F2, D2 at F1, D3 at AFF6h, D4 at
AFz, D5 at AFF5h, D6 at Fp2, and D7 at Fp1. This montage was designed to measure oxygenation concentration at 22 diﬀerent subareas
of the PFC corresponding to the following emitter-detector combinations: E1_D1, E1_D3, E2_D1, E2_D2, E2_D4, E3_D2, E3_D5, E4_D1,
E4_D3, E4_D4, E4_D6, E5_D2, E5_D4, E5_D5, E5_D7, E6_D3, E6_D6, E7_D4, E7_D6, E7_D7, E8_D5, and E8_D7. (b) Sensitivity proﬁle
as created with AtlasViewer: a Monte Carlo random walk was run with 1e7 photons (per optode) migrating through a standard atlas.
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session by preparing the fNIRS measurement and setting up
the handgrip device system and monitor screen. One experi-
menter instructed participants about the correct use of the
handgrip device, about the task features of the measurement
of MVC and the ICT, and about the correct interpretation
and use of the CR10 scale. Simultaneously, the second exper-
imenter mounted the fNIRS. For the setup, the experimenter
used the NIRStar signal quality indicator (NIRSport, NIRx
Medical Technologies LLC, NY, USA) to establish optimal
optical contact for probes before task onset. The headband
was attached tight-ﬁttingly in order to exert pressure evenly
onto the probes. Optode cable bundles were bilaterally
deﬂected and with some leeway attached to patients’ collars
to minimize any strain or side pull on probes. The montage
setup routine included straightening of the probes to retain
the probes’ perpendicular angles with the scalp, removal of
hair right below optode holders, and dimming of ambient
light. The fNIRS recording throughout the endurance task
was conducted using NIRStar. After the fNIRS setup was
complete and satisfying the signal quality was ensured,
experimenters provided a demonstration trial in which
patients could familiarize themselves with the handgrip
device. If patients had no further questions, MVC was deter-
mined. Subsequently, ambient light was dimmed and a ﬁnal
fNIRS channel calibration was performed. A 60 sec baseline
fNIRS measurement was taken before onset of the handgrip
strength endurance task. To ensure precise matching of the
handgrip strength endurance task with the fNIRS recording,
triggers were set at the start of the fNIRS baseline measure-
ment, at the start of the endurance task, and at the termina-
tion of the endurance task. Besides prompting patient RPE
ratings, experimenters did not interact with participants dur-
ing the endurance task and remained outside their ﬁeld of
vision. PwMS’ RPE ratings were documented by the experi-
menters. After PwMS or experimenters had terminated the
task, the patients were debriefed on withholding information
regarding the study’s intent.
3.4. Data Analytic Strategy. As the duration of the ICT varied
between PwMS and the fatigue-relevant state measures
(RPEcognitive, RPEmotor, and cerebral oxygenation) were sam-
pled with diﬀerent frequencies, these measures were isotime-
standardized in 10% increments from 0% to 100% per PwMS
(for a similar approach, see [46]). As a ﬁrst research question,
we were interested in changes in fatigue-relevant measures
(RPEcognitive, RPEmotor, and cerebral oxygenation) that occur
during a strenuous physical task. To test this, we used mixed-
eﬀect ANOVAs to test for diﬀerences (within factor time to
failure: [0-10%], (10-20%],…, (90-100%]) in these measures
during the ICT (see also [35, 46]). Our second research ques-
tion aimed at identifying which trait measure (self-control or
fatigue) is a better predictor of the rate of change in the
fatigue-relevant dependent state measures (RPEcognitive, RPE-
motor, and cerebral oxygenation). To test this, we ﬁrst calcu-
lated three random intercept linear models per PwMS to
obtain the rate of change that occurred during the ICT in
the three fatigue-relevant state measures (RPEcognitive, RPE-
motor, and cerebral oxygenation). The resulting individual
regression slopes were used to quantify change over time.
We then used hierarchical linear stepwise regression analyses
to test which trait measure (motor fatigue, cognitive fatigue,
or self-control) would best predict the steepness of the indi-
vidual regression slopes. To account for individual diﬀer-
ences in performance, time to failure in the ICT was
included as a regressor in the null model (to account for pos-
sible eﬀects of age and disease duration [47], we also per-
formed analyses where we added these variables as
regressors into the null model. This did not alter results in
a meaningful way, and in the remainder of the paper, we
report the analyses without these additional control vari-
ables.). BDI, FSMCmotor, FSMCcognitive, and SCS-K-D were
then added as regressors to the model. BDI was included to
allow for the possibility that changes could be better
explained by depressive symptoms. We then evaluated which
regressor (if any) would remain as a predictor in the model.
Data analysis was conducted using the statistical soft-
ware R [48] and JASP (JASP Team, 2018). Mixed-eﬀect
ANOVAs were estimated with the lme4 package (version
1.1-1452) using the Satterthwaite approximation for degrees
of freedom of lmerTest (version 2.0-3353), and plots were
created with ggplot2 (version 2.2.155).
3.4.1. fNIRS Preprocessing. fNIRS data were preprocessed
using HOMER2 v2.3 [49]. For each subject, the enPrune-
Channels function was used with the following function
arguments to remove channels when the signal was too weak
or too strong: dRange(1) = 1e-2, dRange(2) = 3e, and
SNRthresh = 2. Then, optical intensity was converted to opti-
cal density using the Intensity to OD function. To remove
motion artifacts, the Wavelet_Motion_Correction was run
with an IQR of 1.5 [50]. Then, data were low pass ﬁltered
(0.2 Hz) and converted to oxy- and deoxyhemoglobin with
the modiﬁed Beer-Lambert law [51]. For this conversion, dif-
ferential path length factors were adjusted to patients’ mean
age [52] and set to 6.8 (for 760 nm) and 5.8 (for 850 nm)
[53]. During fNIRS postprocessing, the mean value of a
patient’s fNIRS baseline measurement was subtracted from
all other oxygenation values. Oxygenation values of two
PwMS had to be excluded manually for all channels due to
baseline shifts. Those baseline shifts were not automatically
detected by the enPruneChannels function in HOMER2.
4. Results
4.1. Descriptive Statistics. The average duration on the ICT
was 746.39 seconds (SD = 438.63) ranging between 71 and
1823 seconds, which represents a M/SD ratio that is consis-
tent with research using similar tasks [35]. The linear associ-
ation between regressors can be seen in Figure 2.
4.2. Change in Fatigue-Relevant State Variables during
Strenuous Physical Activity. All measured state variables
changed in the expected direction: signiﬁcant main eﬀects
of time were observed for RPEmotor, F(9, 421.19) = 332.27,
p < 0 001, and RPEcognitive, F(9, 423.56) = 67.65, p < 0 001,
indicating that the task induced substantial increases in per-
ceived motor and cognitive exertion in PwMS (see
Figure 3(a)). In addition, signiﬁcant main eﬀects of time were
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observed for oxyhemoglobin, F(9, 410.49) = 44.12, p < 0 001,
and deoxyhemoglobin, F(9, 410.42) = 38.711, p < 0 001, indi-
cating an increase in cerebral oxygenation that was accompa-
nied by a reduction in deoxyhemoglobin (see Figure 3(b)).
4.3. Psychological Predictors of Change. The results of the
three stepwise regression analyses for predicting the rate of
change in the RPEmotor, RPEcognitive, and oxyhemoglobin
are depicted in Table 1. After controlling for TTF, none of
the psychological trait variables explained incremental vari-
ance in the rate of change in perceived motor exertion during
the ICT (all p > 0 10). Results were diﬀerent for regressions
on RPEcognitive and cerebral oxygenation: after controlling
for TTF, self-control explained incremental variance in these
regression analyses. PwMS who reported to be higher in trait
self-control experienced a slower increase in perceived cogni-
tive exertion during the ICT, and this was also accompanied
by a slower increase in oxyhemoglobin.
5. Discussion
The present study showed that not only perception of motor
exertion but also perception of cognitive exertion and PFC
oxygenation steadily increase during a strenuous physical
task in PwMS. Additionally, we found that the increase in
perceived cognitive exertion and PFC oxygenation could be
predicted by a measure of trait self-control, while measures
of trait fatigue (motor and cognitive) were no signiﬁcant pre-
dictors of change in any of these variables.
Our results indicate that a simple strenuous motor
task, whose execution outwardly places little cognitive
demands on a person, requires cognitive exertion and is
accompanied with increased activation in cortical areas
that are deemed relevant for fatigue and for self-control.
Only trait self-control signiﬁcantly predicted these
changes. This might indicate that the increase in PFC oxy-
genation and heightened perceptions of mental exertion
are more likely to reﬂect the application of self-control
(i.e., the application of eﬀort to continue with the task)
than fatigue (i.e., in this context, we interpret the fatigue
score as sensation of the costs that are incurred by the
task). Consequently, PwMS who were higher in trait self-
control experienced a slower increase in perceived cogni-
tive exertion and PFC oxygenation. This is an important
contribution to the neuroscientiﬁc understanding of
fatigue. Speciﬁcally, our data indicate that the frequently
observed PFC hyperactivations in PwMS might indeed
reﬂect an aspect of fatigue. However, increased PFC acti-
vation might not signal the sensation of fatigue but rather
the eﬀort that is employed to deal with accruing fatigue.
This interpretation can be tentatively interpreted from
within the EVC framework [28]. The intensity of the con-
trol command rises as one persists in the strenuous task
while more intense sensations of motor and cognitive
fatigue have to be controlled. People who are better at
handling such self-control demands can perform the task
with less “cortical costs,” which is then reﬂected in a less
steep increase in PFC activation and RPEcognitive. While
PFC activation might reﬂect the eﬀort of dealing with a
fatiguing situation, the absence of predictive validity of
trait fatigue in our data indicates that the amount of
fatigue one experiences seems to be reﬂected elsewhere.
This interpretation is indirectly supported by extant
research and theorizing which identify failures in nonmo-
tor functions of the basal ganglia as the most likely source
of trait fatigue [4, 13].
5.1. Limitations. RPEmotor and RPEcognitive are not explicitly
designed to capture state fatigue, as, for example, the visual
analogue scales used by other researchers are (e.g., [4]). How-
ever, research has repeatedly shown that ratings of perceived
exertion are sensitive to experimental manipulations of cog-
nitive fatigue (e.g., [54–56]). In the domain of physical exer-
cise, RPE is the standard measure to capture one’s state of
exertion. RPE is a valid perceptual marker for exercise inten-
sity [57], and it has even been suggested that RPE is the “car-
dinal exercise stopper” [58]. Therefore, RPE is well suited to
assess task-induced exertion fatigue, and this is particularly
important for research on strenuous physical exercise in
PwMS like the research presented here. Still, we would wel-
come seeing replications of our research that make use of
the state fatigue measures that are commonly used in this line
of research.
Our ﬁndings pertain to a sample of PwMS and cannot
be compared to healthy controls or be generalized to MS
patients with lower or higher EDSS. Thus, we cannot
assess which of these results are speciﬁc to PwMS or
would also hold for other patients who suﬀer from fatigue.
However, in supplementary analyses, we additionally con-
trolled for other variables that have been linked to fatigue
(i.e., age and disease duration; [47]), and this did not alter
results in a meaningful way. This might cautiously be inter-
preted as an indicator of the robustness of the ﬁndings pre-
sented here. In the same vein, we cannot compare the
observed eﬀects’magnitude with the size of eﬀects in healthy
controls. From a perspective of fundamental science, this
would be interesting for future research. In the present
study, we aimed at adding to our understanding of the
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temporal dynamics of fatigue in PwMS and the derivation of
possible nonpharmacological intervention strategies. For
this aim, the lack of comparability with healthy controls is
of lesser relevance.
5.2. Contribution. The present study is the ﬁrst to continu-
ously monitor changes in variables that are associated with
fatigue while PwMS performed a strenuous physical task,
and it thereby oﬀers a closer look at what PwMS actually feel
during physical activity and how such perceptions change
over time. Thus, our research provides a new and facetted
angle on fatigue in PwMS, highlighting the cognitive and
cerebral costs PwMS incur while performing a strenuous
physical task. Most importantly, our ﬁndings indicate that
the magnitude of these costs varies as a function of self-
reported trait self-control. PwMS who are higher in trait
self-control seem to incur less costs during strenuous exer-
tion. This ﬁnding might oﬀer a promising avenue for non-
pharmacological interventions to help PwMS who suﬀer
from fatigue to be more active in spite of their condition:
self-control can be trained, and in healthy controls, self-
control training can lead to positive outcomes in various
domains (for a meta-analysis, see [59]). For PwMS—and
other patients who suﬀer from fatigue—such training might
prove to be even more important and helpful. Even though
disease-induced structural and functional damages are the
probable cause of fatigue, the restriction PwMS experience
from this debilitating symptom can likely be modulated by
self-control training. We suggest that future nonpharmacolo-
gical interventions for treating fatigue should directly test this
claim and test the eﬀects of self-control interventions on
PwMS’ fatigue and their capacity to lead a physically more
active life.
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The data used to support the ﬁndings of this study have not
been made available because the patients constituting the
sample have not agreed on availability of their data.
Conflicts of Interest
The authors declare that they have no conﬂicts of interest.
References
[1] I.-K. Penner and F. Paul, “Fatigue as a symptom or comorbid-
ity of neurological diseases,” Nature Reviews Neurology,
vol. 13, no. 11, pp. 662–675, 2017.
[2] R. Bakshi, “Fatigue associatedwithmultiple sclerosis: diagnosis,
impact and management,” Multiple Sclerosis Journal, vol. 9,
no. 3, pp. 219–227, 2003.
[3] C. Dettmers and J. DeLuca, “Editorial: fatigue in multiple scle-
rosis,” Frontiers in Neurology, vol. 6, p. 266, 2015.
[4] H. M. Genova, V. Rajagopalan, J. DeLuca et al., “Examination
of cognitive fatigue in multiple sclerosis using functional mag-
netic resonance imaging and diﬀusion tensor imaging,” PLoS
One, vol. 8, no. 11, article e78811, 2013.
[5] M. Neumann, A. Sterr, D. Claros-Salinas, R. Gütler, R. Ulrich,
and C. Dettmers, “Modulation of alertness by sustained cogni-
tive demand in MS as surrogate measure of fatigue and fatiga-
bility,” Journal of the Neurological Sciences, vol. 340, no. 1-2,
pp. 178–182, 2014.
[6] I. K. Penner, C. Raselli, M. Stöcklin, K. Opwis, L. Kappos, and
P. Calabrese, “The fatigue scale for motor and cognitive func-
tions (FSMC): validation of a new instrument to assess multi-
ple sclerosis-related fatigue,”Multiple Sclerosis Journal, vol. 15,
no. 12, pp. 1509–1517, 2009.
[7] A. Sehle,M.Vieten, S. Sailer,A.Mündermann, andC.Dettmers,
“Objective assessment ofmotor fatigue inmultiple sclerosis: the
Fatigue indexKliniken Schmieder (FKS),” Journal ofNeurology,
vol. 261, no. 9, pp. 1752–1762, 2014.
[8] D. Severijns, I. Zijdewind, U. Dalgas, I. Lamers, C. Lismont,
and P. Feys, “The assessment of motor fatigability in persons
with multiple sclerosis: a systematic review,” Neurorehabilita-
tion and Neural Repair, vol. 31, no. 5, pp. 413–431, 2017.
[9] J. DeLuca, H. M. Genova, F. G. Hillary, and G. Wylie, “Neural
correlates of cognitive fatigue in multiple sclerosis using func-
tional MRI,” Journal of the Neurological Sciences, vol. 270,
no. 1-2, pp. 28–39, 2008.
Table 1: Summary of stepwise linear regression analysis for psychological predictors of rate of change in dependent measures.
Measures
Model 0 Model 1
B SE B β R2 R2Adj. B SE B β R2 R2Adj.
RPEmotor 0.626 0.618 — —
TTF −0.001 1.143e-4 −0.791∗∗ — — —
SCS — — — — — —
RPEcognitive 0.203 0.186 0.409 0.384
TTF −5.176e-4 −1.498e-4 −0.450∗∗ −6.304e-4 1.333e-4 −0.548∗∗
SCS — — — −0.028 0.007 −0.465∗∗
HbO 0.244 0.228 0.367 0.340
TTF −2.532e-4 6.497e-5 −0.494∗∗ −2.919e-4 6.148e-5 −0.570∗∗
SCS — — — −0.010 0.003 −0.359∗∗
Notes: ∗p < 0 05; ∗∗p < 0 01. RPEmotor: ratings of perceived motor exertion; RPEcognitive: ratings of perceived cognitive exertion; HbO: Concentration of
Oxygenated Hemoglobin; TTF: time to failure; SCS: Self-Control Scale.
8 Neural Plasticity
[10] J. DeLuca, Fatigue as a Window to the Brain, The MIT Press,
Cambridge, MA, USA, 2007.
[11] E. Dobryakova, J. DeLuca, H. M. Genova, and G. R. Wylie,
“Neural correlates of cognitive fatigue: cortico-striatal circuitry
and eﬀort–reward imbalance,” Journal of the International
Neuropsychological Society, vol. 19, no. 08, pp. 849–853, 2013.
[12] C. Finke, J. Schlichting, S. Papazoglou et al., “Altered basal
ganglia functional connectivity in multiple sclerosis patients
with fatigue,” Multiple Sclerosis Journal, vol. 21, no. 7,
pp. 925–934, 2015.
[13] A. Chaudhuri and P. O. Behan, “Fatigue and basal ganglia,”
Journal of the Neurological Sciences, vol. 179, no. 1-2, pp. 34–
42, 2000.
[14] G. W. Thickbroom, P. Sacco, A. G. Kermode et al., “Central
motor drive and perception of eﬀort during fatigue in multiple
sclerosis,” Journal of Neurology, vol. 253, no. 8, pp. 1048–1053,
2006.
[15] R. Wolkorte, D. J. Heersema, and I. Zijdewind, “Reduced vol-
untary activation during brief and sustained contractions of a
hand muscle in secondary-progressive multiple sclerosis
patients,” Neurorehabilitation and neural repair, vol. 30,
no. 4, pp. 307–316, 2016.
[16] I. Zijdewind, R. F. Prak, and R. Wolkorte, “Fatigue and fatiga-
bility in persons with multiple sclerosis,” Exercise and Sport
Sciences Reviews, vol. 44, no. 4, pp. 123–128, 2016.
[17] R. Wolkorte, D. J. Heersema, and I. Zijdewind, “Muscle fatiga-
bility during a sustained index ﬁnger abduction and depres-
sion scores are associated with perceived fatigue in patients
with relapsing-remitting multiple sclerosis,” Neurorehabilita-
tion and Neural Repair, vol. 29, no. 8, pp. 796–802, 2015.
[18] M. D. Robinson, B. J. Schmeichel, andM. Inzlicht, “A cognitive
control perspective of self-control strength and its depletion,”
Social and Personality Compass, vol. 4, no. 3, pp. 189–200, 2010.
[19] A. Diamond, “Executive functions,” Annual Review of Psychol-
ogy, vol. 64, no. 1, pp. 135–168, 2013.
[20] A. L. Duckworth, “The signiﬁcance of self-control,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 108, no. 7, pp. 2639-2640, 2011.
[21] J. P. Tangney, R. F. Baumeister, and A. L. Boone, “High self-
control predicts good adjustment, less pathology, better
grades, and interpersonal success,” Journal of Personality,
vol. 72, no. 2, pp. 271–324, 2004.
[22] W. Kool and M. Botvinick, “A labor/leisure tradeoﬀ in cogni-
tive control,” Journal of Experimental Psychology. General,
vol. 143, no. 1, pp. 131–141, 2014.
[23] A. Shenhav, S. Musslick, F. Lieder et al., “Toward a rational
and mechanistic account of mental eﬀort,” Annual Review of
Neuroscience, vol. 40, no. 1, pp. 99–124, 2017.
[24] W.Wolﬀ, V. Sieber, M. Bieleke, and C. Englert, “Task duration
and task order do not matter: no eﬀect on self-control perfor-
mance,” PsyArXiv, 2019.
[25] A. Shenhav, M. M. Botvinick, and J. D. Cohen, “The expected
value of control: an integrative theory of anterior cingulate
cortex function,” Neuron, vol. 79, no. 2, pp. 217–240, 2013.
[26] E. T. Berkman, C. A. Hutcherson, J. L. Livingston, L. E. Kahn,
and M. Inzlicht, “Self-control as value-based choice,” Current
Directions in Psychological Science, vol. 26, no. 5, pp. 422–
428, 2017.
[27] L. Schmidt, M. Lebreton, M. L. Cléry-Melin, J. Daunizeau, and
M. Pessiglione, “Neural mechanisms underlying motivation of
mental versus physical eﬀort,” PLoS Biology, vol. 10, no. 2,
article e1001266, 2012.
[28] A. Shenhav, J. D. Cohen, and M. M. Botvinick, “Dorsal ante-
rior cingulate cortex and the value of control,” Nature Neuro-
science, vol. 19, no. 10, pp. 1286–1291, 2016.
[29] J. R. Cohen and M. D. Lieberman, “The common neural
basis of exerting self-control in multiple domains,” in Self
control in society, R. R. Hassin, K. N. Ochsner, and Y.
Trope, Eds., pp. 141–161, Oxford University Press, New
York, NY, USA, 2010.
[30] E. K. Miller and J. D. Cohen, “An integrative theory of prefron-
tal cortex function,” Annual Review of Neuroscience, vol. 24,
no. 1, pp. 167–202, 2001.
[31] W. Wolﬀ, J. L. Thürmer, K. M. Stadler, and J. Schüler, “Ready,
set, go: cortical hemodynamics during self-controlled sprint
starts,”Psychologyof Sport andExercise, vol. 41, pp. 21–28, 2019.
[32] E. D. Boorman, T. E. J. Behrens, M. W. Woolrich, and M. F. S.
Rushworth, “How green is the grass on the other side? Fronto-
polar cortex and the evidence in favor of alternative courses of
action,” Neuron, vol. 62, no. 5, pp. 733–743, 2009.
[33] F. A. Mansouri, E. Koechlin, M. G. P. Rosa, and M. J. Buckley,
“Managing competing goals - a key role for the frontopolar
cortex,” Nature Reviews. Neuroscience, vol. 18, no. 11,
pp. 645–657, 2017.
[34] M. Pardini, F. Krueger, V. Raymont, and J. Grafman, “Ventro-
medial prefrontal cortex modulates fatigue after penetrating
traumatic brain injury,” Neurology, vol. 74, no. 9, pp. 749–
754, 2010.
[35] W. Wolﬀ, M. Bieleke, A. Hirsch, C. Wienbruch, P. M. Gollwit-
zer, and J. Schüler, “Increase in prefrontal cortex oxygenation
during static muscular endurance performance is modulated
by self-regulation strategies,” Scientiﬁc Reports, vol. 8, no. 1,
article 15756, 2018.
[36] D. Claros-Salinas, N. Dittmer, M. Neumann et al., “Induction
of cognitive fatigue in MS patients through cognitive and
physical load,” Neuropsychological Rehabilitation, vol. 23,
no. 2, pp. 182–201, 2013.
[37] A. Venhorst, D. Micklewright, and T. D. Noakes, “Perceived
fatigability: utility of a three-dimensional dynamical systems
framework to better understand the psychophysiological regu-
lation of goal-directed exercise behaviour,” Sports Medicine,
vol. 48, no. 11, pp. 2479–2495, 2018.
[38] P. Ekkekakis, “Illuminating the black box: investigating pre-
frontal cortical hemodynamics during exercise with near-
infrared spectroscopy,” Journal of Sport & Exercise Psychology,
vol. 31, no. 4, pp. 505–553, 2009.
[39] W. Wolﬀ, “Funktionelle nahinfrarotspektroskopie in der
sportpsychologischen forschung,” Zeitschrift Für Sportpsycho-
logie, vol. 24, no. 1, pp. 17–28, 2017.
[40] L. A. Pilutti, T. A. Greenlee, R. W. Motl, M. S. Nickrent, and
S. J. Petruzzello, “Eﬀects of exercise training on fatigue in mul-
tiple sclerosis,” Psychosomatic Medicine, vol. 75, no. 6,
pp. 575–580, 2013.
[41] C.M.Aasted,M.A. Yücel, R. J. Cooper et al., “Anatomical guid-
ance for functional near-infrared spectroscopy: AtlasViewer
tutorial,” Neurophotonics, vol. 2, no. 2, article 20801, 2015.
[42] R. Oostenveld and P. Praamstra, “The ﬁve percent electrode
system for high-resolution EEG and ERP measurements,”
Clinical Neurophysiology, vol. 112, no. 4, pp. 713–719, 2001.
[43] G. Borg, Borg’s Perceived Exertion and Pain Scales, Human
Kinetics, Champaign, IL, USA, 1998.
9Neural Plasticity
[44] A. T. Beck, R. A. Steer, and M. G. Carbin, “Psychometric prop-
erties of the Beck Depression Inventory: twenty-ﬁve years of
evaluation,” Clinical Psychology Review, vol. 8, no. 1, pp. 77–
100, 1988.
[45] A. Bertrams and O. Dickhäuser, “Messung dispositioneller
selbstkontroll-kapazität,” Diagnostica, vol. 55, no. 1, pp. 2–10,
2009.
[46] M. Bieleke and W. Wolﬀ, “That escalated quickly—planning
to ignore RPE can backﬁre,” Frontiers in Physiology, vol. 8,
p. 736, 2017.
[47] M. Ghajarzadeh, R. Jalilian, G. Eskandari, M. A. Sahraian,
A. Azimi, and M. Mohammadifar, “Fatigue in multiple sclero-
sis: relationship with disease duration, physical disability, dis-
ease pattern, age and sex,” Acta Neurologica Belgica, vol. 113,
no. 4, pp. 411–414, 2013.
[48] R Core Team, R: A language and environment for statistical
computing, R Foundation for Statistical Computing, Vienna,
Austria, 2017.
[49] T. J. Huppert, S. G. Diamond, M. A. Franceschini, and D. A.
Boas, “HomER: a review of time-series analysis methods for
near-infrared spectroscopy of the brain,” Applied Optics,
vol. 48, no. 10, pp. D280–D298, 2009.
[50] B. Molavi and G. A. Dumont, “Wavelet-based motion artifact
removal for functional near-infrared spectroscopy,” Physiolog-
ical Measurement, vol. 33, no. 2, pp. 259–270, 2012.
[51] D. T. Delpy, M. Cope, P. van der Zee, S. Arridge, S. Wray, and
J. Wyatt, “Estimation of optical pathlength through tissue
from direct time of ﬂight measurement,” Physics in Medicine
and Biology, vol. 33, no. 12, pp. 1433–1442, 1988.
[52] F. Scholkmann and M. Wolf, “General equation for the diﬀer-
ential pathlength factor of the frontal human head depending
on wavelength and age,” Journal of Biomedical Optics,
vol. 18, no. 10, article 105004, 2013.
[53] M. Essenpreis, C. E. Elwell, M. Cope, P. van der Zee, S. R.
Arridge, and D. T. Delpy, “Spectral dependence of temporal
point spread functions in human tissues,” Applied Optics,
vol. 32, no. 4, pp. 418–425, 1993.
[54] S. M. Marcora, W. Staiano, and V. Manning, “Mental fatigue
impairs physical performance in humans,” Journal of Applied
Physiology, vol. 106, no. 3, pp. 857–864, 2009.
[55] B. Pageaux, R. Lepers, K. C. Dietz, and S. M. Marcora,
“Response inhibition impairs subsequent self-paced endur-
ance performance,” European Journal of Applied Physiology,
vol. 114, no. 5, pp. 1095–1105, 2014.
[56] B. Pageaux, S. M. Marcora, V. Rozand, and R. Lepers, “Mental
fatigue induced by prolonged self-regulation does not exacer-
bate central fatigue during subsequent whole-body endurance
exercise,” Frontiers inHumanNeuroscience, vol. 9, no. 67, 2015.
[57] M. J. Chen, X. Fan, and S. T. Moe, “Criterion-related validity of
the Borg ratings of perceived exertion scale in healthy individ-
uals: a meta-analysis,” Journal of Sports Sciences, vol. 20,
no. 11, pp. 873–899, 2002.
[58] W. Staiano, A. Bosio, E. Rampinini, and S. Marcora, “Chapter
11 - The cardinal exercise stopper: muscle fatigue, muscle pain
or perception of eﬀort?,” Progress in Brain Research, vol. 240,
pp. 175–200, 2018.
[59] M. Friese, J. Frankenbach, V. Job, and D. D. Loschelder, “Does
self-control training improve self-control? A meta-analysis,”
Perspectives on Psychological Science, vol. 12, no. 6, pp. 1077–
1099, 2017.
10 Neural Plasticity
Hindawi
www.hindawi.com Volume 2018
Research and Treatment
AutismDepression Research 
and Treatment
Hindawi
www.hindawi.com Volume 2018
Neurology 
Research International
Hindawi
www.hindawi.com Volume 2018
Alzheimer’s Disease
Hindawi
www.hindawi.com Volume 2018
International Journal of
Hindawi
www.hindawi.com Volume 2018
BioMed 
Research International
Hindawi
www.hindawi.com Volume 2018
Research and Treatment
Schizophrenia
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013www.hindawi.com
The Scientific 
World Journal
8
Hindawi
www.hindawi.com Volume 2018
Neural PlasticityScientica
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Parkinson’s 
Disease
Sleep Disorders
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Neuroscience 
Journal
Medicine
Advances in
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Psychiatry 
Journal
Hindawi
www.hindawi.com Volume 2018
 Computational and  
Mathematical Methods 
in Medicine
Multiple Sclerosis 
International
Hindawi
www.hindawi.com Volume 2018
Stroke
Research and Treatment
Hindawi
www.hindawi.com Volume 2018
Hindawi
www.hindawi.com Volume 2018
Behavioural 
Neurology
Hindawi
www.hindawi.com Volume 2018
Case Reports in 
Neurological Medicine
Submit your manuscripts at
www.hindawi.com
